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•  LiFeo.isMno.gsPCU/C  composite  is  prepared  by  a  surfactant-assisted  milling  route. 

•  The  LiFeo.i5Mno.85P04/C  composite  exhibits  excellent  rate  and  cycle  capability. 

•  Stable  cycle  properties  are  ascribed  to  uniform  carbon-coated  nanostructures. 
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A  uniform  carbon  coated  LiFe0.i5Mn0.85PO4  (LFMP/C)  cathode  material  is  synthesized  by  a  surfactant- 
assisted,  highly  reproducible  and  energy-saving  solid  state  method  using  a  bimetallic  oxalate 
(Feo.i5Mno.85C204)  precursor.  The  obtained  LiFeo.isMno.ssPCU/C  composite  is  characterized  by  X-ray 
diffraction  (XRD),  Raman  spectrum,  elemental  analysis  (EA),  scanning  electron  microscopy  (SEM),  and 
transmission  electron  microscopy  (TEM).  The  experimental  results  demonstrate  that  the  oleic  acid  as  a 
surfactant,  for  the  scale  preparation  of  LFMP,  plays  a  critical  role  in  controlling  size  of  the  obtained 
composite.  The  LiFe0.i5Mn0.85PO4/C  exhibits  high  specific  capacity  and  good  rate  performance.  It  delivers 
initial  discharge  capacities  of  156.5, 142.5, 129.0  and  103.0  mAh  g-1  at  0.05,  0.1,  0.5  and  1C,  respectively. 
Moreover,  it  shows  good  cycle  stability  at  both  room  temperature  (25  °C,  89%  and  88%  capacity  retention 
after  250  and  500  cycles  at  0.5  and  1C  rates,  respectively)  and  elevated  temperature  (55  °C,  80%  capacity 
retention  after  200  cycles  at  0.5C  rate).  The  significantly  improved  rate  and  cycling  capability  of  the 
LiFeo.i5Mno.85P04/C  is  attributed  to  the  uniform  carbon  coating  layer  on  the  primary  particles,  the 
conductive  network  provided  by  the  carbon  between  the  LiMn0.i5Fe0.85PO4/C  particles  and  the  sufficient 
pores  formed  in  the  LiFe0.i5Mn0.85PO4/C  aggregates. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

In  recent  years,  phosphate-based  cathode  materials  have 
attracted  considerable  attention  as  potential  alternatives  to  com¬ 
mercial  layered  cathode  materials  for  their  superiorities  on  struc¬ 
tural  stability,  cost  effectiveness  and  environmental  friendliness 
[1,2].  Among  them,  LiMnP04  is  one  of  the  most  attractive  mate¬ 
rials  due  to  its  high  theoretical  specific  capacity  (170  mAh  g-1)  and 


*  Corresponding  authors.  The  Key  Laboratory  of  Fuel  Cell  of  Guangdong  Province, 
School  of  Chemistry  and  Chemical  Engineering,  South  China  University  of  Tech¬ 
nology,  Guangzhou,  China.  Tel./fax:  +86  20  87112053. 

E-mail  addresses:  chyfdeng@scut.edu.cn  (Y.  Deng),  kechengh@ust.hk  (G.  Chen). 

http://dx.doi.Org/10.1016/j.jpowsour.2014.04.049 
0378-7753 /©  2014  Elsevier  B.V.  All  rights  reserved. 


suitable  redox  potential  (4.1  V  vs.  Li/Li+)  [3].  However,  its  applica¬ 
tion  in  practical  lithium  ion  batteries  (LIBs)  has  been  impeded  by 
the  low  discharge  capacity  and  the  bad  rate  performance  arising 
from  its  intrinsically  low  electric  and  ionic  conductivity,  and  the 
poor  capacity  retention  due  to  the  dissolution  of  Mn  during  the 
cycling  [3,4].  To  compensate  the  above  drawbacks  of  LiMnPCH, 
traditional  approaches  such  as  the  control  of  the  primary  particle 
size  [5-7],  particle  morphology  [8—11]  and  carbon  coating  [12-17] 
have  been  investigated.  Indeed,  LiMnPCH  particles  of  size  ~  50  nm 
have  been  obtained  by  different  synthesis  routes:  solvothermal 
synthesis  [5],  Sol-gel  plus  ball  milling  [7],  solid-state  reaction  in 
molten  hydrocarbon  [8],  and  spray  pyrolysis  plus  ball  milling 
[14,15].  The  best  result  has  been  obtained  by  Choi  et  al.  who 
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synthesized  LiMnP04  nanoplates  with  a  thickness  of  50  nm  that  are 
assembled  and  grew  into  nanorods  along  the  [010]  direction  in  the 
(100)  plane  [9].  The  capacity  of  168  mAh  g-1  at  very  low  rate  C/50 
obtained  in  this  case  is  close  to  the  theoretical  value.  At  faster  rates, 
however,  crucial  for  electric  vehicles  that  require  high  power  sup¬ 
plies,  LiMnP04  still  need  to  be  improved.  Many  efforts  made  to 
obtain  high  performance  LiMnPCU/C  composites,  the  capacities 
remain  low.  The  capacities  of  130-140  mAh  g"1  at  rate  C/10  can  be 
obtained  only  if  the  particles  are  immersed  in  a  huge  quantity  of 
carbon,  typically  20  wt%  [16]  up  to  30  wt%  [14,15].  However,  the 
large  amount  of  carbon  in  the  above  materials  may  bring  low  tap 
density,  which  is  an  obvious  disadvantage  for  cathode  material. 

Another  important  method  for  improving  the  cycling  and  rate 
performance  of  LiMnPCU  or  LiMnPCH/C  cathode  materials  has  been 
investigated  recently  by  Fe2+  ions  doping  18-25].  For  example, 
Martha  and  co-workers  reported  that  LiFeo.2Mno.8PO4  nano¬ 
particles  (25—60  nm)  with  10  wt%  carbon  coating  showed  good  rate 
performance  with  an  initial  capacity  of  93  mAh  g-1  at  10C  rate  [18]. 
The  large  amount  of  carbon  in  this  material  may  bring  low  tap 
density,  which  is  an  obvious  disadvantage  for  cathode  material.  The 
LiMn0.75Feo.25P04  nanorods/grapheme  [19]  and  the  LiMno.5Feo.5PO4 
nanoplates  [20]  with  good  rate  performance  were  obtained 
through  two  solvothermal  route  in  2011  and  2014,  respectively. 
However,  large  amount  of  organic  solvents  were  required  in  the 
solvothermal  synthesis  process  which  may  result  in  severe  envi¬ 
ronment  pollution.  As  the  consequence,  the  solvothermal  route  is 
not  suitable  for  large-scale  production.  State-of-art  LiFeo.5- 
Mn0.5PO4/C  [21]  and  LiFeo.6Mn0.4P04/C  [22]  microspheres  have 
been  respectively  synthesized  by  a  co-precipitation  route  and  a 
double  carbon  coating-spray  drying  method.  Both  of  these  two 
cathode  materials  showed  high  tap  density,  high  specific  capacity 
and  rate  performance  at  room  temperature.  However,  the  disad¬ 
vantage  of  this  method  is  the  complex  process  for  carbon  coating. 
Besides,  large  of  Fe  substitution  in  the  two  samples  is  not  enough  to 
take  the  maximum  benefit  of  the  higher  working  potential  with 
Mn.  More  recently,  Ding  et  al.  improved  the  rate  performance 
(116  mAh  g-1  at  5C-rate)  and  cycle  stability  (95%  retention  of  initial 
capacity  in  50  cycles  at  0.5C-rate)  of  LiMnP04  by  collective  and 
cooperative  strategies  including  Fe  substitution,  carbon  coating, 
and  the  morphology-controlling  [23].  However,  the  long  cycling 
performance  at  room  temperature  and  the  electrochemical  per¬ 
formance  at  elevated  temperature,  which  is  a  critical  parameter  for 
the  cathode  material  valuation,  of  the  obtained  cathode  materials 
have  not  been  reported. 

An  improvement  for  rate  performance  of  LiMnPCH  has  also  been 
obtained  recently  via  a  multi-composite  synthesis  process  28].  The 
core— shell  structure  2/3LiMnP04@l/3LiP04/C  composite  shows 
much  improvement  rate  performance  (90  mAh  g-1  at  lC-rate)  than 
that  of  a  powder  of  LiMn2/3Fei/3P04  particles.  More  recently,  C— 
LiFexMni_xP04-LiFeP04  composites  with  different  x  values 
(0  <  x  <  0.5)  for  improving  the  electrochemical  performance  of 
LiMnP04  have  also  been  synthesized  by  other  groups  [29-31  ].  The 
multi-composite  synthesis  process  has  an  effective  strategy  for 
improvement  the  electrochemical  performance  of  LiMnPCU-based 
cathodes,  however,  the  complex  route  was  also  hinder  its  practical 
application  in  large  scale. 

Simplicity  of  the  synthesis  process  is  important  for  commer¬ 
cializing  LIBs.  From  this  perspective,  a  solid  state  synthesis  route  for 
the  preparation  high  performance  LiMnPCU-based  cathode  mate¬ 
rial  effectively  is  propitious  to  reach  its  industrialization  [4].  For 
example,  LiFeo.sMno.sPC^/C  with  a  reversible  capacity  of 
138  mAh  g  1  at  O.lC-rate  was  obtained  by  rheological  phase  reac¬ 
tion  using  five  respective  raw  materials  [27].  These  many  starting 
precursors  may  bring  inhomogeneous  composition  distribution  of 
the  final  product  in  the  practical  application.  Hu  et  al.  prepared  Fe 


and  Mg  co-doped  LiMnPCU  with  14wt%  of  sucrose  via  a  solid-state 
route  with  subsequent  ball  milling  for  6  h  [32].  The  LiMno.g- 
Feo.o5Mgo.o5P04  sample,  obtaining  from  850  °C,  shows  the  initial 
discharge  capacity  of  121  mAh  g_1  at  0.2C-rate.  The  high  temper¬ 
ature  for  this  process  to  increased  electronic  conductivity  of  the 
carbon  film.  Hong  et  al.  prepared  LiMni_xFexP04  (x  =  0,  0.05,  0.1, 
0.15,  and  0.2)  with  an  appropriate  amount  of  citric  acid  as  the 
carbon  source  and  subsequently  employed  planetary  ball  milling 
for  about  3.5  days  before  the  heat  treatment  [33].  The  LiFeo.2- 
Mno.8P04/C  resulted  in  a  specific  capacity  of  138  mAh  g_1  at  O.lC- 
rate.  The  long  time  used  for  ball  milling  before  the  heat  treatment 
would  result  in  extra  energy-wasting.  Ran  synthesized  LiMnP04/C 
with  134  mAh  g-1  at  O.lC-rate  via  polyvinyl  pyrrolidone-assisted 
(PVP)  solid  state  reaction  [34]  in  2013.  This  result  shows  that  this 
method  is  an  effective  route  for  preparation  of  LiMnPC^-based 
materials.  In  addition,  recent  research  results  also  demonstrated 
that  PVP/Polymers  have  important  role  on  controlling  the  particle 
size  during  preparation  of  the  cathode  materials  [35,36  .  In  order  to 
overcome  the  difficulties  during  the  preparation  high  performance 
LMFP-based  cathode  materials  via  the  traditional  solid-state  reac¬ 
tion,  herein,  a  scalable  and  highly  reproducible  synthesis  route  was 
proposed  to  prepare  homogenous  carbon  coated  LiFeo.isMno.ssPCU 
cathode  material.  The  proposed  synthesis  route  is  based  on  oleic 
acid-assisted  ball  milling  method,  in  the  first  time,  using  a  homo¬ 
geneous  bimetallic  oxalate  (Feo.i5Mno.85C204)  compound,  sp2- 
dominated  carbon  source  (phenolic  resin)  and  LiH2P04  as  raw 
materials.  Detailed  characterizations  on  the  physical  and  electro¬ 
chemical  properties  of  the  as-synthesized  composite  material  had 
been  conducted.  Interesting  results  were  obtained  as  discussed 
subsequently. 

2.  Experimental 

2.1.  Material  preparation 

Homogenous  bimetallic  metal  oxalate  (Feo.i5Mn0.85C204-2H20) 
was  prepared  by  the  co-precipitation  method.  MnS04-4H20 
(3.7920  g,  AR,  Aladdin  Chemical  Agents  Co.  Ltd)  and  FeS04-7H20 
(0.8341  g,  AR,  Aladdin  Chemical  Agents  Co.  Ltd)  were  dissolved  in 
water  successively  to  prepare  20  mL  of  bimetallic  sulfate  solution 
(0.5  M  in  MnS04  and  FeS04,  respectively).  After  that,  41  mL  of  so¬ 
dium  oxalate  solution  (0.5  M)  was  added  into  the  bimetallic  sulfate 
solution  quickly  under  continuous  stirring  and  a  N2  atmosphere. 
The  stirring  was  maintained  for  15  min.  Bright  yellow  particles 
were  then  collected  via  filtration,  washed  with  distilled  water  three 
times,  and  dried  in  a  vacuum  oven  at  60  °C  for  12  h  to  obtain  the 
Feo.i5Mno.85C204  •  2H20  product. 

The  synthesis  of  LiFeo.isMno.ssPCU/C  was  carried  out  as  follows: 
stoichiometric  amounts  of  LiH2P04  (1.0393  g,  AR,  Aladdin  Chemical 
Agents  Co.  Ltd),  Feo.i5Mn0.85C204-2H20  (1.7912  g),  phenolic  resin 
(0.0787  g,  AR,  Shanghai  Chemical  Agents  Co.  Ltd)  and  oleic  acid 
(1.5  g)  were  dispersed  in  ethanol  (AR,  Guangzhou  Chemical  agents 
Co.  Ltd)  and  then  ball-milled  for  4  h  at  400  RPM.  The  mixtures  were 
dried  under  vacuum  for  10  h  at  80  °C  and  then  transferred  to  a  tube 
furnace  for  calcination  at  250  °C  for  2  h  under  an  Ar  atmosphere. 
After  that,  the  calcination  temperature  was  raised  to  600  °C  and 
kept  for  10  h  to  obtain  a  uniform  carbon  coating  LiFeo.isMno.ssPCU 
(LFMP-S1).  Similarly,  another  LiFeo.isMno.ssPCH  (LFMP-S2)  sample 
without  adding  oleic  acid  was  also  synthesized  for  comparison  in 
the  same  procedures. 

2.2.  Materials  characterization 

The  crystalline  structure  and  particle  morphology  of  LiFe0.i5_ 
Mn0.85PO4/C  samples  were  characterized  by  X-ray  diffraction  (XRD) 
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Fig.  1.  TG  and  DTEG  curves  of  (a)  Feo.i5Mn0.85C204-2H20  and  (b)  LiFeo.i5Mn0.85P04/C  mixed  precursors. 


(Bruker  D8  ADVANCE,  Cu  Ka  radiation,  A  =  1.5406  A),  scanning 
electron  microscopy  (SEM,  JEOL  6300F)  and  transmission  electron 
microscopy  (TEM,  PHILIPS  TECNAI  F30).  Raman  spectrum  was  ob¬ 
tained  with  a  Bio-Rad  FTS6000  Raman  spectroscopy  with  a  532  nm 
blue  laser  beam.  Fourier  transform  infrared  (FT-IR)  spectrum  was 
recorded  with  KBr  pellets  using  a  Bruker  R  200-L  spectrophotom¬ 
eter.  Therogravimetric  (TG)  analysis  was  carried  out  using  a  Netzsch 
STA  409EP  thermal  analyzer  with  a  heating  rate  of  5  °C  min-1  in  N2 
to  determine  the  sintering  temperature.  The  carbon  content  of  the 
LiFeo.i5Mno.85P04/C  was  determined  by  an  elemental  analyzer 
(Vario  EL  III,  Elemental  Analysensystem). 

2.3.  Electrochemical  measurements 

To  evaluate  the  electrochemical  performance  of  the  obtained 
samples,  electrodes  consisting  of  80  wt%  LiFeo.isMno.ssPCU/C,  10  wt 
%  acetylene  black  and  10  wt%  polyvinylidene  fluoride  (PVDF)  were 
prepared  on  alumina  foil  by  a  tape-casting  technique.  Coin  cells 
(CR2025)  were  assembled  using  the  prepared  LiFeo.isMno.ssPCU/C 
electrode  as  cathode,  lithium  metal  foil  as  anode,  1.0  M  LiPF6  so¬ 
lution  in  ethylene  carbonate/ethylene  methyl  carbonate 
(EC:EMC  =  1:1  v/v)  as  electrolyte  and  Celgard  2400  as  separator  in 
an  Ar-filled  glove  box  (MBRAUN  LAB  MASTER130).  The  fabricated 
cells  were  cycled  in  the  voltage  range  between  2.0  and  4.5  V  vs.  Li/ 
Li+  at  different  current  rates  on  a  multichannel  battery  test  system 
(NEWARE  CT-3008W).  The  cyclic  voltammetric  (CV)  measurement 
was  performed  on  an  electrochemical  workstation  (AUTOLAB 
PGSTAT 101 )  at  a  scan  rate  of  0.1  mV  s-1  in  the  range  of  2.0-4.5  V  vs. 
Li/Li+.  The  electrochemical  impedance  spectroscopy  (EIS)  data  of 
the  electrodes  were  acquired  at  room  temperature  using  a  Versa- 
stat  3  electrochemical  workstation  (Princeton  Applied  Research) 
before  cycling,  at  a  discharge  state  in  the  frequency  ranging  from 
100  kHz  to  10  mHz  by  imposing  an  alternate  current  with  an 
amplitude  of  10  mV  on  the  electrode.  The  specific  capacity  in  the 
paper  is  based  on  the  mass  of  the  LiFeo.isMno.ssPCU/C  composite. 

3.  Results  and  discussion 

The  TG/DTG  curves  of  the  Feo.i5Mn0.85C204-2H20  precursor  and 
the  ball  milling  mixture  of  Feo.i5Mn0.85C204-2H20,  LiH2P04, 
phenolic  resin  and  oleic  acid  at  the  heating  rate  of  5  °C  min-1  from 
room  temperature  to  800  °C  were  shown  in  Fig.  la  and  b,  respec¬ 
tively.  TG  analysis  of  the  Feo.i5Mn0.85C204-2H20  precursor  revealed 
that  the  compound  decomposes  in  two  basic  steps  to  produce  the 
final  bimetallic  oxide  through  heating  in  N2  at  approximately 
420  °C.  In  the  first  stage,  a  20.1%  mass  loss  (calculated  value:  20.1%) 
was  found  when  heated  from  room  temperature  to  180  °C  with  a 
heat  absorption  peak  observed  at  135  °C,  which  is  likely  caused  by 


the  elimination  of  the  two  water  molecules.  The  subsequent  ther¬ 
mal  decomposition  of  this  precursor  occurs  in  the  temperature 
range  of  180-450  °C  with  an  abrupt  mass  loss  (39.2%),  which  can  be 
attributed  to  the  removal  of  the  carbon  monoxide  and  carbon  di¬ 
oxide  molecules.  This  corresponds  to  a  strong  heat  peak  at  387  °C. 
There  is  a  total  mass  loss  of  59.5%  during  the  pyrolysis  of  the 
Feo.i5Mno.85C204-2H20  precursor  when  it  is  heated  to  450  °C.  This 
value  is  in  good  agreement  with  the  calculated  mass  loss  of  60.3% 
that  is  required  for  the  conversion  of  the  bimetallic  oxalate  pre¬ 
cursor  into  its  corresponding  bimetallic  oxide  (Feo.15Mno.85O)  at 
450  °C.  Compared  with  single  Feo.i5Mno.85C204-2H20  precursor, 
the  thermal  decomposition  of  the  mixed  precursors  occurred  in 
three  well-defined  steps,  which  were  at  136,  21  and  379  °C, 
respectively.  The  first  weight  loss  with  a  heat  absorption  peak  at 
about  136  °C  is  attributed  to  the  dehydration  of  the  Feo.15Mno.85- 
C2O4  2H2O  precursor,  as  discussed  previously.  A  12.2%  mass  loss 
(calculated  value:  12.4%)  from  room  temperature  to  180  °C  was 
observed.  Another  small  weight  loss  between  180  and  230  °C  may 
be  corresponding  to  the  initial  decomposition  of  Li^PCU,  forming 
lithium  metaphosphate  (LiPCU).  The  third  weight  loss  from  230  to 
450  °C  with  a  strong  heat  absorption  peak  at  379  °C  corresponds  to 
the  decomposition  of  the  Feo.i5Mn0.85C204  and  phenolic  resin,  and 
the  reaction  of  LiPCU  and  the  bimetallic  oxide  (Feo.15Mno.85O)  to 
form  the  final  LiFe0.i5Mn0.85PO4/C  composite.  No  weight  loss  can  be 
observed  after  600  °C.  The  total  mass  loss  (44.6%)  is  in  good 
agreement  with  the  calculated  value  of  44.2%  based  on  3.95%  car¬ 
bon  content  in  the  sample  (The  carbon  content  was  determined  by 
elemental  analysis). 


Fig.  2.  (a)  XRD  patterns  of  the  two  LiFeo.i5Mn0.85P04/C  composites  and  the  standard 
LiMnP04. 
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Fig.  2  shows  XRD  patterns  of  the  two  LiFeo.isMno.ssPC^/C  sam¬ 
ples  obtained  from  the  same  procedure  with/without  oleic  acid. 
The  two  samples  are  pure  olivine-type  LiMnPC^  a  pnmb  space 
group  (JCPDS  card  no.  33-0804).  The  diffraction  peaks  of  the  two 
samples  slightly  shifted  to  higher  degree  due  to  the  smaller  ionic 
radii  of  Fe2+.  No  peak  of  residual  carbon  was  observed,  which  may 
be  attributed  to  the  low  content  and  amorphous  structure  of  carbon 
coating  layer.  The  lattice  parameters  for  LFMP-S1  were  a  =  6.100 
(1 )  A,  b  =  10.447  (3)  A,  c  =  4.739  (2)  A  and  V  =  302.02  A3,  which  is 
based  on  the  calculation  using  MDI  Jade  5.0  software.  These  values 
are  consistent  with  the  previously  reported  results  [26,27]  and 
LFMP-S2  [a  =  6.102(1)  A,  b  =  10.448  (1)  A,  c  =  4.745  (1)  and 
V  =  302.54  A3].  The  crystallite  sizes  of  LFMP-S1  are 
59.7  x  87.3  x  78.8  nm,  which  was  calculated  using  the  Debye— 
Scherrer  formula  [D  =  KA/(/3c os  0);  where  I<  is  the  Scherrer  constant 
(close  to  0.9),  A  is  the  X-ray  wavelength  of  Cu  Ka  (0.154178  nm),  is 
the  full  width  at  half-maximum  (FWHM)  intensity  of  the  promi¬ 
nent  (111),  (211)  and  (311)  reflections  in  radian,  and  6  is  the  Bragg 
diffraction  angle  [37].  The  crystallite  size  for  LFMP-S2  is  not 
calculated  using  the  Debye-Scherrer  formula  because  the  particle 
size  of  this  sample  (>100  nm)  is  out  of  the  calculation  range. 

Fig.  3  presents  SEM  images  of  the  LFMP-1  and  LFMP-2.  The 
images  show  that  both  samples  were  composed  of  agglomerated 
nanoparticles,  however,  the  particle  size  of  LFMP-S1  is  smaller  than 
that  of  LFMP-S2.  In  addition,  the  particles  of  LFMP-S1  are  more 
homogeneous.  These  results  demonstrated  that  the  oleic  acid, 
acting  as  a  surface-capping  ligand  of  precursors  with  its  carboxylic 
group,  has  important  role  for  preventing  the  particles  agglomera¬ 
tion  by  steric  hindrance  during  high-energy  ball  milling  [8].  As 
illustrated  in  Fig.  3c,  the  primary  LFMP-S1  particles  were  mainly 
around  100  nm  in  size,  which  is  in  agreement  with  the  calculation 
result  based  on  the  calculation  result  from  the  XRD  pattern. 

To  examine  the  detail  physical  characters  of  the  LiFeo.is- 
Mno.ssPO^C  composites,  LFMP-S1  was  chose  for  further  investi¬ 
gation.  Fig.  4a  displays  the  FT-IR  spectrum  of  the  LFMP-S1 
composite  in  the  1300-400  cm-1  corresponding  to  the  stretching 
mode  of  PO4-  anion.  The  bands  at  1140, 1094  and  1056  cm-1  are 


attributed  to  the  asymmetric  stretching  mode  (V3),  while  the  bands 
at  987  and  638  cm-1  are  ascribed  to  symmetric  stretching  mode 
(vi)  and  asymmetric  bending  mode  (V4),  respectively.  The  four 
bands  at  576,  559,  505  and  470  cm-1  correspond  to  the  bending 
modes  (V2  and  V4)  [26,38].  It  is  worthwhile  noting  that  the  band  of 
bending  mode  vi  which  indicates  the  deformation  of  P-O,  is  in  the 
range  of  that  for  LiFeP04  (979  cm-1  [39])  and  LiMnP04  (989  cm-1 
[40]),  revealing  the  homogenous  distribution  of  iron  and  manga¬ 
nese  in  the  LiFeo.i5Mn0.85P04  solid  solution.  This  observation  is  not 
in  agreement  with  the  recently  reported  result,  in  which  the 
respective  band  positively  shifted  comparing  with  that  for  LiFeP04 
and  LiMnP04  [26  A  TEM  image  in  Fig.  4b  shows  the  LFMP-S1 
particles  is  in  olive  shape  with  particle  size  of  about  100  nm 
length.  Clear  atomic  lattice  of  the  sample  could  be  found  in  Fig.  4c, 
revealing  a  good  crystallinity  of  the  LiFeo.isMno.ssPCU  particle.  An 
amorphous  phase  of  carbon  layer  with  a  thickness  of  around  3  nm 
covered  uniformly  on  the  surface  of  primary  particles  was  also 
observed  in  FITEM  image  (Fig.  4c).  This  result  demonstrates  that  the 
dissolution  of  phenolic  resin  in  ethanol  is  critical  for  the  uniform 
distribution  of  carbon  coating  layer  on  the  surface  of  LiFeo.15- 
Mn0.85PO4.  The  uniform  distribution  of  carbon  on  the  surface  of 
primary  LiFeo.isMno.ssPCU  particles  was  also  demonstrated  by  the 
Raman  spectrum  of  the  LFMP-1  sample  (Fig.  4d).  As  seen  from 
Fig.  3d,  the  Raman  signals  of  the  LiFeo.isMno.ssPCU/C  displayed  two 
strong  and  broad  peaks  at  1340  and  1590  cm-1,  attributing  to  the  D 
band  (disordered  carbon)  and  G  band  (graphite)  for  amorphous 
carbon,  respectively  [9,41,42].  Only  a  small  peak  of  the  LFMP-S1 
composite  can  be  distinguished  in  the  range  of  600-1000  cm-1 
which  corresponds  to  the  character  of  P04-  anion.  These  results  are 
reasonable  since  the  interaction  between  the  P04~  anion  with  the 
Raman  laser  was  concealed  by  the  uniform  distribution  of  the 
carbon  coating  layer  on  the  surface  of  the  primary  LiFeo.i5Mno.85P04 
particles  [43].  One  may  notice  that  some  carbons  were  also 
distributed  between  the  carbon-coated  LiFeo.i5Mno.85P04  particles 
(Fig.  4b).  The  carbon  could  act  as  an  effective  conductive  network 
between  the  LiFeo.i5Mn0.85P04/C  particles,  making  a  good  conduc¬ 
tivity  of  the  composite.  Furthermore,  many  pores  within  the 


Fig.  3.  SEM  images:  (a)  and  (c)  for  LFMP-S1  composite,  and  (b,  d)  for  LFMP-S2  composite. 
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Fig.  4.  (a)  IR  spectrum,  (b)  TEM  image,  (c)  HTEM  and  (d)  Raman  spectrum  of  the  LFMP-S1  composite. 


LiFeo.isMno.ssPO^C  particles  and  their  micro-sized  aggregates 
could  be  found  in  the  SEM  and  TEM  images  (Figs.  3d  and  4b),  which 
favor  fast  Li+  intercalation/deintercalation  kinetics  by  allowing 
electrolyte  insertion  through  the  nanoparticles.  The  presence  of 
uniform  carbon  coating  layer,  the  conductive  carbon  network  and 
the  pores  in  the  LiFeo.isMno.ssPO^C  composite  have  synergistic 
effects  on  facilitating  good  transport  of  electrons  and  Li+  from  the 
poorly  conducting  LiFeo.isMno.ssPO^  improving  effectively  its 
specific  discharge  capacity  and  rate  performance  [16,44]. 

The  electrochemical  properties  of  the  two  LiFeo.sMno.sPO^C 
composites  as  cathode  materials  for  LIBs  were  investigated.  Fig.  5a 
presents  the  first  charge/discharge  curves  of  the  two 


LiFeo.isMno.ssPO^C  composites.  The  cells  were  charged  to  4.5  V  in  a 
constant  current-constant  voltage  mode  at  0.05C  ( 1 C  =  170  mA  g  1 ) 
and  discharge  to  2.0  V  at  0.05C  rate  (25  °C).  Both  of  the  two  samples 
exhibited  two  plateaus  at  4.1  V  and  3.5  V  related  to  the  Mn3+/Mn2+ 
and  the  Fe3+/Fe2+  redox  couples  [21,27].  At  a  low  rate  of  0.05C,  the 
LFMP-S1  delivered  a  discharge  capacity  of  156.7  mAh  g-1.  However, 
the  LFMP-S2  only  showed  a  discharge  capacity  of  135.1  mAh  g-1.  In 
comparison  with  the  LFMP-S2  electrode,  the  LFMP-S1  delivered 
much  higher  discharge  capacity,  which  is  attributed  to  a  smaller 
particle  size  of  LFMP-S1.  To  further  understand  the  detail  electro¬ 
chemical  performance  of  the  LFMP-S1  with  high  discharge  capacity, 
other  electrochemical  tests  such  as  rate  and  cyclic  performance, 


Capacity  (mAh  g'1) 


Voltage  (V  vs.  Li/Li  ) 


Fig.  5.  (a)  Charge-discharge  curves  at  0.05C  (1C  =  170  mA  g  a)  and  (b)  cyclic  voltammograms  at  a  scan  rate  of  0.1  mV  s  1  of  the  LFMP-S1  composite. 
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CVs  measurements  and  EIS  were  done.  Fig.  5b  displayed  the  CVs 
results  of  LFMP-S1,  which  showed  oxidation  and  reduction  peaks 
for  Fe2+/Fe3+  and  Mn2+/Mn3+,  respectively.  During  the  anodic 
(charge)  sweep,  two  peaks  appear  at  3.67  and  4.25  V  were  attrib¬ 
uted  to  the  oxidation  of  Fe2+  to  Fe3+  and  Mn2+/Mn3+  respectively. 
Consequent  cathodic  (discharge)  sweep  reduces  Mn3+  to  Mn2+  at 
3.90  V,  followed  by  the  reduction  of  Fe3+  to  Fe2+  occurring  at  3.50  V. 
These  two  couple  oxidation/reduction  peaks  are  well  consistent 
with  those  in  the  charge/discharge  curves  listed  in  Fig.  4a.  The 
voltage  differences  between  the  oxidation  and  reduction  peaks  of 
the  CVs  are  0.17  V  for  Fe2+/Fe3+  and  0.35  V  for  Mn2+/Mn3+, 
respectively.  These  results  indicated  that  the  partial  incorporation 
of  Fe  into  LiMnPCU  facilitated  the  Li+  diffusion  in  the  structure  by 
lowering  the  Li+  diffusion  barrier  [21,44].  This  was  also  demon¬ 
strated  the  low  discharge  capacity  and  large  polarization  of  the  as- 
prepared  LiMnPCU/C  material  using  the  same  method  (Figs.  SI  and 
S2).  The  anodic  and  cathodic  peak  current  was  found  to  be  stable 
after  4  cycles,  which  suggested  that  this  electrode  is  high  revers¬ 
ibility  via  an  activation  process. 

The  rate  performance  of  the  LFMP-S1  composite  was  investi¬ 
gated.  As  shown  in  Fig.  6a,  it  delivered  average  reversible  specific 
capacities  of  142.5, 136.0, 128.5, 104.0,  81.0  and  51.0  mAh  g“’  at  0.1, 
0.2,  0.5, 1,  2  and  5C  rates,  respectively.  The  average  reversible  spe¬ 
cific  capacities  are  higher  than  or  comparable  to  the  reported  state- 
of-the-art  LiMni_xFexP04-based  materials  [24,27,31-33,45,46].  It  is 
quite  impressed  that  even  after  charging/discharging  at  high  cur¬ 
rent  densities,  the  reversible  specific  capacity  could  still  be  recov¬ 
ered  to  143.0  mAh  g-1  when  the  current  density  was  reduced  to 
0.1  C.  This  clearly  demonstrates  the  excellent  current  rate  tolerance 
capability  of  the  LFMP-S1  sample,  comparing  to  the  LiMnPCU/C 
material  (Fig.  SI).  Fig.  6b  shows  the  discharge  curves  of  the 
LiFeo.isMno.ssPOVC  electrode  obtained  at  different  discharge  cur¬ 
rent  densities.  The  profiles  at  low  charge/discharge  rate  (0.1  C) 
clearly  show  two  distinguished  plateaus  located  at  about  4.0  and 
3.5  V  versus  Li/Li+.  When  the  charge-discharge  rate  was  increased 
to  5C,  separation  of  the  two  discharge  plateaus  gradually  became 
blurred  and  the  plateau  voltages  shifted  to  lower  values  due  to  the 
increased  cell  polarization  at  very  high  current  density.  This  phe¬ 
nomenon  was  also  observed  in  other  cathode  materials  such  as 
LiMn204  [47].  Compared  to  the  previous  reports  [24,27,31- 
33,45,46,48],  the  LFMP-S1  composite  synthesized  in  the  present 
study  shows  a  comparable/higher  specific  discharge  capacity  at 
high  discharge  voltages  (>3.5  V)  when  it  is  cycled  at  0.5  and  1C 
rates,  indicating  that  higher  or  comparable  energy  density  could  be 
achieved  in  these  charge/discharge  rates. 

The  cycle  performances  of  the  as-obtained  LFMP-S1  sample  at 
different  current  densities  (0.1  0.5  and  1C)  charge/discharge  are 
respectively  shown  in  Fig.  7a  and  b.  The  corresponding  charge/ 


discharge  curves  of  selected  cycles  at  1C  rate  were  also  displayed  in 
Fig.  7c  and  d,  respectively.  The  LFMP-S1  sample  showed  initial  ca¬ 
pacities  of  128.5  and  103.0  mAh  g-1  at  0.5  and  1C,  respectively.  The 
capacity  retention  capability  was  89%  of  0.5C  after  250  cycles  and 
88%  of  1C  after  500  cycles.  This  good  capacity  retention  capability  is 
compared  to  the  state-of-art  LiFei_xMnxP04-based  cathode  mate¬ 
rials  [24,27,45,46,48].  Comparing  the  charge/discharge  curves 
shown  in  Figs.  5a  and  6b,  one  may  notice  that  the  discharge  voltage 
plateau  at  ~4.0  V  corresponding  to  Mn2+/Mn3+  redox  reaction 
becomes  shorter  with  current  density  increased.  However,  the 
discharge  voltage  plateau  at  3.5  V  which  corresponds  to  Fe2+/Fe3+ 
redox  reaction  was  almost  the  same.  This  fact  suggested  that  the 
greater  polarization  appeared  to  Mn2+/Mn3+  rather  than  Fe2+/Fe3+ 
with  charge/discharge  current  density  increasing.  Furthermore,  the 
discharge  capacity  loss  occurred  mainly  at  above  3.5  V  with 
increased  current  density  and  cycle  number,  which  may  also  be 
attributed  to  the  large  polarization  of  the  oxidation/reduction  of 
Mn2+/Mn3+.  The  good  capacity  retention  capability  at  different 
rates  (The  specific  discharge  capacity  of  LFMP-S1  at  0.1  C  rate  was 
143  mAh  g_1  with  96.5%  capacity  retention,  as  shown  in  Fig.  S3)  of 
the  LiFeo.i5Mn0.85P04/C  material  synthesized  in  the  present  study  is 
due  to  the  uniform  distribution  of  a  thin  carbon  coating  layer  on  the 
surface  of  primary  LiFeo.isMno.ssPCU  particles  (as  demonstrated  by 
the  TEM  image  and  Raman  spectrum),  which  plays  a  key  role  in 
suppressing  the  surface  reactivity  between  the  charged  electrode 
and  the  electrolyte  and  decreasing  the  Mn  dissolution  [21].  More¬ 
over,  the  capacity  was  still  as  high  at  90  mAh  g-1  even  after  500 
discharge-charge  cycles  at  1C  (Fig.  6a),  with  89%  of  capacity 
retention,  suggesting  the  excellent  cycling  stability  of  the  LiFeo.is- 
Mno.85P04/C  composite  at  high  rate.  The  high  capacities  and 
excellent  cycling  stability  imply  that  the  LiFeo.isMrio.ssPCU/C  com¬ 
posite  could  be  a  promising  cathode  material  for  high  energy  and 
power  density  LIBs. 

To  evaluate  the  cycle  performance  at  elevated  temperature,  the 
as-prepared  LFMP-S1  electrode  was  cycled  at  0.5C-rate  and  55  °C. 
As  shown  in  Fig.  8a,  this  cathode  material  displayed  an  initial 
specific  discharge  capacity  of  145.0  mAh  g-1,  with  81%  capacity 
retention  capability  after  200  cycles.  In  comparison  with  the 
charge/discharge  curves  at  the  same  current  density  and  different 
temperatures  (25  and  55  °C,  as  shown  in  Figs.  7c  and  8b,  respec¬ 
tively),  it  was  found  that  the  increased  discharge  capacity  appeared 
mainly  in  the  4.0  V  region  at  high  temperature.  This  observation 
shows  that  the  specific  discharge  capacity  of  the  LiMni_xFexP04- 
based  materials  can  be  improved  at  elevated  temperature  because 
of  the  faster  Li+  diffusion  induced  by  the  elevated  temperature. 
Similar  experimental  results  were  also  reported  in  literature 
[21,26].  To  the  best  of  our  knowledge,  it  is  a  good  example  offering 
extended  cycle  life  and  good  capacity  retention  capability  at  0.5C- 


Fig.  6.  (a)  Rate  performance  at  different  C-rates  and  (b)  charge-discharge  curves  of  different  C-rates  of  the  LFMP-S1  composite. 
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Fig.  7.  (a)  Cycling  performance  at  0.5C,  (b)  1C  rate,  (c)  charge-discharge  curves  of  selective  cycles  at  0.5C  and  (d)  1C  rate  of  the  LFMP-S1  composite. 


Fig.  8.  (a)  Cycling  performance  at  0.5C  rate  and  55  °C  and  (b)  charge-discharge  curves  of  the  selective  cycles  at  0.5C  rate  and  55  °C  of  the  LFMP-S1  composite. 


rate  and  55  °C  for  LiFeo.isMno.ssPCU/C  cathode  material.  The  good 
cycling  performance  at  elevated  temperature,  a  critical  parameter 
for  the  cathode  material  valuation,  of  the  as-prepared  cathode 
material  may  also  demonstrate  that  the  LFMP-S1  composite  is  a 
promising  cathode  material. 

To  further  understand  the  electrochemical  performance  of  the 
two  LiFeo.i5Mno.85P04/C  samples  synthesized  with/without  oleic 
acid  as  a  surfactant,  EIS  was  measured.  Fig.  9  shows  the  EIS  spectra 
of  LFMP-S1  and  LFMP-S2  electrodes.  The  two  EIS  spectra  both 
consist  of  a  very  small  intercept  at  high  frequency,  a  depressed 
semicircle  at  high-to-medium  frequency  and  an  inclined  line  at  low 
frequency.  The  small  intercept  is  assigned  to  the  solution  resistance 
of  the  cell;  the  depressed  semicircle  corresponds  to  the  charge- 
transfer  resistance  at  electrode/electrolyte  interface  and  the 
double-layer  capacitance  between  the  electrolyte  and  cathode;  and 
the  inclined  line  is  attributed  to  a  Warburg  impedance  related  to 
the  diffusion  of  lithium  ions  within  the  electrode  [49].  The  lower 
the  charge-transfer  resistance,  the  higher  the  electrochemical 
performances  are  50].  A  smaller  diameter  for  the  depressed 
semicircle  means  a  lower  the  charge-transfer  resistance.  As  shown 
in  Fig.  9,  the  LFMP-S1  electrode  displays  a  lower  charge-transfer 


resistance  than  that  of  the  LFMP-S2  sample,  which  indicates  that 
the  LFMP-S1  electrode  holds  faster  charge  transfer  during  charge/ 
discharge,  resulting  in  higher  capacities  and  rate  performance.  The 
lower  charge-transfer  resistance  and  higher  capacity  of  LFMP-S1 
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sample  were  attributed  to  the  synergistic  effect  of  Fe-doping  and  its 
smaller  particle  size,  which  could  substantially  improve  electro¬ 
chemical  kinetics  of  lithium  ion  extraction/insertion. 

4.  Conclusions 

In  conclusion,  LiFeo.isMrio.ssPCU/C  cathode  material  with  ho¬ 
mogenous  particle  size  distribution  was  successfully  prepared  via  a 
facile,  scalable  and  surfactant-assisted  high-energy  ball  milling 
route,  using  the  homogenous  bimetallic  oxalate,  UFI2PO4  pre¬ 
cursors  and  sp2-dominated  carbon  source.  The  electrochemical 
performance  of  LiMnP04-based  cathode  material  was  highly 
dependent  on  the  Fe-substituted  and  particle  size.  The  as-prepared 
LFMP-S1  sample  displayed  high  specific  discharge  capacity,  good 
rate  performance  and  excellent  cycle  performance  at  room  and 
elevated  temperature.  The  satisfactory  electrochemical  perfor¬ 
mance  of  the  obtained  LFMP-S1  composite  could  be  attributed  to 
the  presence  of  a  uniform  carbon  coating  layer  on  the  primary 
particles,  an  effective  conduct  network  provided  by  the  presence  of 
carbon  between  the  LiFeo.isMno.ssPO^C  particles,  and  the  forma¬ 
tion  of  sufficient  pores  in  the  LiFeo.isMno.ssPO^C  primary  particles 
and  aggregates.  The  facile  and  scalable  solid-state  reaction  route 
proposed  in  the  present  study  is  of  high  efficiency  and  reliability, 
which  is  promising  technique  for  massive  production  of  high  per¬ 
formance  LiFexMni_*P04/C-based  cathode  material  for  high- 
energy  density  lithium  ion  batteries. 
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